A collaborative study was conducted to evaluate a liquid chromatography (LC) method for ochratoxin A using sequential phenyl silane and immunoaffinity column cleanup. The method was tested at 3 different levels of ochratoxin A in roasted coffee, which spanned the range of possible future European regulatory limits. The test portion was extracted with methanol and sodium bicarbonate by shaking for 30 min. The extract was filtered, centrifuged, and then cleaned up on a phenyl silane column before being eluted from the washed column with methanol-water. The eluate was diluted with phosphate-buffered saline (PBS) and applied to an ochratoxin A immunoaffinity column, which was washed with water. The ochratoxin A was eluted with methanol, the solvent was evaporated, and the residue was redissolved in injection solvent. After injection of this solution onto a reversed-phase LC apparatus, ochratoxin A was measured by fluorescence detection. Eight laboratory samples of low-level naturally contaminated roasted coffee and 2 laboratory samples of blank coffee (< 0.2 ng/g ochratoxin A at the signal-to-noise ratio of 3:1), along with ampules of ochratoxin A calibrant and spiking solutions, were sent to 15 laboratories in 13 different European countries. Test portions of the laboratory samples were spiked at levels of 4 ng/g ochratoxin A, and recoveries ranged from 65 to 97%. Based on results for spiked blank material (blind duplicates) and naturally contaminated material (blind duplicates at 3 levels), the relative standard deviation for repeatability (RSD r ) ranged from 2 to 22% and the relative standard deviation for reproducibility (RSD R ) ranged from 14 to 26%. The method showed acceptable within-and between-laboratory precision, as evidenced by HORRAT values, at the low level of determination for ochratoxin A in roasted coffee.
S everal countries have regulatory or guideline limits for ochratoxin A in foods. Levels range from 2 to 50 ng/g ochratoxin A in a variety of commodities, although only in Greece is coffee specifically mentioned (1) . In 1998, the European Commission established Regulation No. 1525/98 (2), setting maximum levels for aflatoxins in certain foodstuffs. This was accompanied by Commission Directive 98/53/EC (3), which laid down methods of sampling and performance criteria that have to be met for methods of analysis. It is envisioned that Europe-wide legislation for ochratoxin A will be produced in the near future as an amendment to these Regulations. To date, discussion has focused on a proposed regulatory limit for ochratoxin A, with suggestions that 8 ng/g ochratoxin A in green coffee and 4 ng/g ochratoxin A in roasted and instant coffees might be appropriate. Whatever level is ultimately prescribed, a fully validated analytical method will be required to support this legislation.
The AOAC First Action Method for ochratoxin A dates back to 1975 (4) and applies only to green coffee rather than roasted coffee, which is acknowledged to be a more problematic matrix to analyze. The method uses chloroform for extraction which is no longer acceptable in a number of countries and a thin-layer chromatography (TLC) quantitation which increases the detection limit to a level above current ng/g requirements for ochratoxin A in coffee.
A number of methods have been used for analysis of ochratoxin A in roasted coffee and soluble coffee products. Methanol-bicarbonate has been the preferred extraction solvent for a number of procedures. When combined with C 18 Sep-Pak cleanup and fluorescence LC, this procedure had a 2 ng/g ochratoxin A detection limit for roasted coffee (5) al-though no precision data were reported. A similar procedure using a back-extraction procedure before column cleanup led to a limit of detection of 0.2 ng/g ochratoxin A (6) .
The introduction of immunoaffinity columns has dramatically improved analytical methods for mycotoxins in general (7) and specifically for ochratoxin A. However, there has been some debate over whether or not the presence of caffeine in coffee sample extracts adversely affects sample cleanup using immunoaffinity columns. The arguments are summarized in the review by Scott and Trucksess (7). Nakajima et al. (8) used a self-generated monoclonal antibody column for cleanup of ochratoxin A from coffee beans with a detection limit of 0.5 ng/g ochratoxin A, recoveries of 98%, and within-laboratory relative standard deviations (RSDs) of 1-4%. The noncommercial immunoaffinity column used in this method was capable of regeneration, used $30 times in practice without loss of recovery (8) . Pittet et al. (9) reported an immunoaffinity column method for ochratoxin A in green, roasted, and soluble coffee samples with a recovery >80% and a detection limit of 0.2 ng/g ochratoxin A. A similar immunoaffinity procedure used by Trucksess et al. (10) reported recoveries of 75-81% and within-laboratory RSDs of 3-4%, but was used only for a limited number of roasted coffee samples. For more extended surveys of roasted coffee, other workers have included an additional cleanup stage to complement the affinity column, although there has been some debate as to whether this is essential. Patel et al. (11) used silica Sep-Pak ® before immunoaffinity column cleanup, arguing that, particularly for soluble coffee, the silica column removed co-extractive interferences. The drawback of this method was the use of chloroform, which is no longer acceptable in many laboratories. Koch et al. (12) reported a method which combines a phenyl silane cartridge cleanup with an immunoaffinity column, noting the advantage of removing caffeine and other co-extractives to produce a cleaner extract facilitating sub-ng/g detection limits. A modification of this procedure, used in the present collaborative trial, was chosen on the basis that for purposes of an AOAC Official Method, the most robust procedure and the one applicable to the widest range of types of roasted coffee should be validated.
Collaborative Study

Test Materials Used in the Collaborative Trial
Preparation of test materials.-Two batches of roasted coffee naturally contaminated with ochratoxin A and one batch of noncontaminated coffee were used. The first batch consisted of ca 12 kg green robusta coffee beans containing ca 6 ng/g ochratoxin A. Roasting reduced this level to ca 2 ng/g ochratoxin A. The second batch of naturally contaminated coffee consisted of ca 30 kg robusta coffee beans with ca 15 ng/g ochratoxin A. After roasting, the level decreased to 8 ng/g ochratoxin A. A third batch of blank coffee material containing less than 0.3 ng/g ochratoxin A. All coffee material was received as whole beans. The 3 materials were milled separately using the hammer mill through 5 mm and then 1 mm screens, and 15 kg of the 8 ng/g ochratoxin A coffee was weighed into a large sack. A separate 7.5 kg portion of this coffee was weighed into a second large sack before 7.5 kg blank coffee was added to produce a material of ca 4 ng/g ochratoxin A. From the 2 ng/g ochratoxin A coffee, 10 kg was weighed into a third large sack and 5 kg blank coffee was added to produce a material of ca 1.5 ng/g ochratoxin A.
Each sack of material was blended in a ribbon blender for a total of 60 min in 15 min cycles. After each 15 min cycle, the material was emptied from the blender, mixed by hand, and then returned to the blender for further mixing. Five subsamples of ca 100 g were taken from each material to check the homogeneity of the materials. All materials were stored at -18°C before packaging. This process resulted in a total of 4 laboratory materials designated as blank (a) and naturally contaminated (b-d) with target levels of 0, 1.5, 4.0, and 8.0 ng/g ochratoxin A, respectively.
Bulk Homogeneity of Test Materials
The ochratoxin A content of the 5 subsamples taken from each of the 3 contaminated materials and the blank material was determined by the method described in this study. Duplicate analyses were performed on each subsample. All blank materials analyzed contained <0.3 ng/g ochratoxin A. A control [C (a spiked blank)] was analyzed with each material, and the results were corrected for recovery. From bulk homogeneity testing it was concluded that all materials were homogeneous and could be packaged.
Packaging of Roasted Coffee Materials
The 4 materials, including coded blanks, were each packaged into foil sachets. Two hundred sachets of each material were packaged, each containing 35 ± 1 g roasted coffee. In addition, 100 blanks were packaged and labeled as "blank" to be used as control materials in the trial. All sachets were kept frozen at -18°C before homogeneity testing.
Homogeneity Testing of Test Materials
Every 10th sachet from the first 50 of each material (a-d) was removed from the filling sequence for homogeneity testing. This provided enough homogeneity-tested materials for the study. The contents of each sachet were analyzed in duplicate by the method described in this study. The mean (recovery corrected) levels of ochratoxin A in the test materials (n = 10 for each level) were 0.26, 2.2, 5.0, and 7.5 ng/g for the coffees labeled a, b, c, and d, respectively.
Organization of Collaborative Study
Seventeen laboratories from 13 different European countries, representing a cross-section of government, food control, and food industry affiliations, took part in the collaborative trial of which a total of 15 reported results. Control measures used before the study provided a practice laboratory sample to familiarize participants with the method before attending a pre-trial workshop. For the practice material, participants received a blank laboratory sample and a calibration solution for spiking to optimize their chromatography.
Collaborators then met at a precollaborative trial workshop where the analysis of the practice sample was discussed and details of the organization of the trial were outlined by the coordinators.
For the collaborative trial each, participant received: (1) 8 naturally contaminated roasted coffee materials (4 pairs); (2) 2 blank coffee materials; (3) an ampule of ochratoxin A calibration solution (10 ng/mL ochratoxin A in toluene-acetic acid); (4) 2 ampules of ochratoxin A spiking solution labeled A and B (unknown concentration); (5) 12 ochratoxin A immunoaffinity columns; (6) one copy of the method; (7) spiking protocol instructions; (8) report form for analytical data, comments, and suggestions; (9) collaborative study materials receipt form.
The participants were instructed to prepare one extract from each material, perform the cleanup, and analyze the extracts by LC (as detailed in the method supplied). The coffee supplied was all to be analyzed on the same day, and 2 blank materials were to be spiked with spiking solutions A and B. The concentrations of these 2 solutions (A and B) were not known to the participants; consequently, they were instructed to follow the spiking protocol provided and report the results uncorrected. (Applicable to the determination of ochratoxin A in coffee at > 1.2 ng/g.)
See Table 2000 .09A for the results of the interlaboratory study supporting acceptance of the method.
Caution: Ochratoxin A is a potent nephrotoxin and liver toxin that has been reported to have immunosuppressant properties. Prepare standards involving toluene in a fume hood. Keep containers with this solvent closed.
A. Principle
Ochratoxin A is extracted from roasted coffee by blending with methanol and sodium bicarbonate. The analyte is cleaned up by first passing through a phenyl silane column and then through an immunoaffinity column. Ochratoxin A is separated and identified by reversed-phase LC and quantified by fluorescence. 
B. Apparatus
molar absorptivity (ε) at each concentration: ε = (A × 1000)/concentration in mM. If the 3 values vary by more than guaranteed accuracy of A scale, check either technique or instrument. Average the 3 ε values to obtain ε. Determine correction factor (CF) for particular instrument and cells by substituting in equation: CF = 3160/ε, where 3160 is the value for ε of K 2 Cr 2 O
D. Extraction
Weigh 15 ± 0.1 g test portion of roasted coffee into 500 mL conical flask. Add 150 mL extraction solvent, C(d). Stopper flask and shake gently for 30 min. Filter extract through filter paper, B(f). Transfer ca 50 mL portion of filtrate into centrifuge tube and centrifuge for 15 min at 4°C at 4500 × g.
E. Phenyl Silane Column Cleanup
Attach phenyl silane column, B(g), to vacuum manifold, B(d). Prepare column, B(g), with 15 mL methanol, C(b), followed by 5 mL 3% NaHCO 3 , C(c). Do not let column run dry. Discard washings. Pipet 10 mL centrifuged coffee filtrate into glass beaker and add 10 mL extraction solvent, C(d). Pass this diluted extract through the column, at maximum speed of 5 mL/min. Wash column, with 10 mL wash reagent 1, C(e), followed by 5 mL wash reagent 2, C(f). Remove column from vacuum manifold and place over collection vessel. Dry the column with ≥three 10 mL volumes of air using a syringe. Elute ochratoxin A with 10 mL column elution reagent, C(g).
F. Immunoaffinity Column Cleanup
Dilute the eluate with 30 mL PBS, C(h). Connect immunoaffinity column, B(j), to vacuum manifold, B(d), and attach a reservoir to the immunoaffinity column. Add diluted test extract to reservoir and pass through immunoaffinity column. Flow rate should not exceed 5 mL/min. Do not permit column to run dry. Wash column with 10 mL water and dry by applying vacuum for 5-10 s or passing air by syringe for 10 s. Remove column from vacuum manifold and place over a silanized vial, B(a). Elute ochratoxin A into silanized vial, B(a), with four 1 mL portions of methanol, C(b). Evaporate eluate to dryness over steam bath, under N. Redissolve in 1 mL injection solution, C(l), which has been filtered through 0.2 µm filter, B(k), and transfer to LC vial. Table 2000 .09B, using filtered injection solution, C(l), for dilution.
G. LC Determination
(d) Operating conditions.-When the column specified in B(h) and the mobile phase specified in B(j) were used, the following settings were found to be appropriate: flow rate, 1 mL/min; column oven temperature, 35 ± 1°C; fluorescence detection, emission wavelength λ = 460 nm, excitation wavelength λ = 333 nm; injection volume, 100 µL. 
H. Calculation
Determine from the calibration graph, the masses of ochratoxin A in the aliquot of test solution injected onto the LC column. Calculate the mass fraction, W OTA , of ochratoxin A in µg/kg as follows:
where M A = mass of ochratoxin A in aliquot of test solution injected on column, ng; V 1 = volume of extraction solvent, mL (150 mL); V 2 = volume of sample filtrate taken for cleanup, mL (10 mL); V 3 = volume of test solution, mL (1 mL); V 4 = volume of aliquot of test solution injected on column, mL (0.1 mL); M S = mass of sample extracted, g (15 g); 1000 = factor to convert g to kg; 
Results and Discussion
Collaborative Trial Results
Data were received from 15 participants from the 17 collaborators who were supplied with samples. All data submitted for the study are presented in Table 1 . The results of the 2 spiking experiments are reported in the columns, indicating a 4 ng/g ochratoxin A content. The spiking experiments were performed on the blank laboratory samples supplied. Each participant determined the blank value, which in every case, was reported at or near the detection limit. The undisclosed spiking solutions A and B were both 500 ng/mL ochratoxin A, so that the target spike content was 4.0 ng/g ochratoxin A. There were also a total of 8 samples, labeled with a 4-digit number, which were 4 pairs of blind duplicates. Three pairs of duplicates were naturally contaminated roasted coffee and the fourth pair was a blank material (sample a). The naturally contaminated samples were sample b (mean 1.2 ng/g ochratoxin A), sample c (mean 2.6 ng/g ochratoxin A), and sample d (mean 5.4 ng/g ochratoxin A).
Precision estimates were obtained by the one-way analysis of variance approach according to the IUPAC Harmonized Protocol (13). Details of the average analyte concentration, repeatability (r), reproducibility (R), standard deviations for repeatability (s r ), and reproducibility (S R ), relative standard deviations for repeatability (RSD r ) and reproducibility (RSD R ), the number of statistical outlier laboratories, the HORRAT value, and the percentage recovery are presented in Table 2 .
The collaborative trial results had previously been examined for evidence of individual systematic error (p < 0.025) using Cochran and Grubbs tests progressively (13). Pairs of results indicating outliers in Table 1 are individually identified by code in Table 2 . The maximum number of outliers was identified in the set of results for sample d (3 sets of results were outliers). Acceptable data were received from 13 laboratories for sample a (blank), 14 laboratories for sample b, 15 laboratories for sample c, 12 laboratories for sample d, and 13 laboratories for the spiked samples B.
Comments from Collaborative Trial Participants
Six of the participants commented that the phenyl silane column cleanup stage was very slow, and 2 laboratories (labo- ratories 3 and 16) applied a vacuum to speed up elution from the column. The slow elution appears to have been due to partial blockage by particulate matter from the coffee. Laboratory 6 centrifuged the extract at high speed (16 500 × g) and omitted the filtration step to avoid column blockage. Three pairs of results from this participant were identified as outliers, although there is no evidence that this was associated with the centrifugation stage. Four participants questioned the need for the phenyl silane column, commenting that they had extensive experience of immunoaffinity column cleanup of coffee extracts without that stage. Laboratory 8 advocated back-extraction into chloroform before immunoaffinity column cleanup as an alternative to the phenyl silane column. Laboratory 13 did not silanize the glassware as recommended, and laboratory 16 experienced severe noise problems with the fluorescence detector, although in neither case did this seem to contribute to outlier results.
Performance Characteristics of the Method
The results indicate clearly that all the participants (with one unusual exception) could identify the blank laboratory samples as containing < 0.1 ng/g ochratoxin A. Pairs of data were identified as outliers from the data sets from 3 laboratories. Cochran's test, indicating poor replicate pairs, or Grubbs test, indicating whether a result at either end of the range is an outlier, removed these outlier results.
The precision data are presented in Table 2 . Based on results for spiked blanks (blind pairs) and naturally contaminated coffee (blind pairs at 3 levels), the relative standard deviation for repeatability (RSD r ) ranged from 2 (d) to 22% (b). The relative standard deviation for reproducibility (RSD R ) ranged from 13 (spiked blanks) to 26% (b). A mean recovery was obtained for the spiked blanks of 85%, which ranged from 65 to 97%. The recoveries were acceptable for determining ochratoxin A in roasted coffee.
Interpretation of Results
Acceptability of performance characteristics of the method was assessed on the basis of the HORRAT values (14) which compare the RSD R obtained for a particular matrix with that statistically predicted on the basis of collaborative trial studies taken from the published literature. When outliers were excluded, the HORRAT values for ochratoxin A ranged from 0.3 to 0.6. All HORRAT values were <2.0, which indicates acceptable precision, notwithstanding the low levels of ochratoxin A contamination, in this instance (2, 4, and 6 ng/g ochratoxin A).
Although immunoaffinity column based methods have been used extensively in surveys for ochratoxin A in coffee, there have been no previous collaborative trials for roasted coffee. The existing AOAC Official Method for green coffee dates back to 1975 and does not have associated performance data. There is therefore no benchmark with which to compare this present collaborative trial. However, the performance characteristics of the method compare favorably with recent collaborative studies for other mycotoxin immunoaffinity column LC methods at ng/g levels of contamination, e.g., for aflatoxins (15) and for ochratoxin A in barley (16) .
Recommendation
It is recommended that the immunoaffinity column cleanup method with reversed-phase LC determination and fluorescence quantitation for ochratoxin A at >1.2 ng/g be adopted as an AOAC Official Method First Action for determination in roasted coffee. 
